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ABSTRACT 
X-ray abso rp t i on  f i n e  s t r u c t u r e  (XAFS) spectroscopy de te rm ina t ions  have been 

made a t  t h e  c h l o r i n e  K abso rp t i on  edge on a number o f  U.S. coa ls  i n  o r d e r  t o  
i n v e s t i g a t e  t h e  fo rm-o f -occur rence o f  c h l o r i n e  i n  t h e  c o a l s .  The coa ls  v a r y  i n  
c h l o r i n e  con ten t  f rom 0.04 t o  0.84 w t %  and i n  r a n k  f rom l i g n i t e  t o  hvA b i tuminous .  
For the  most p a r t ,  t h e  c h l o r i n e  K-edge XAFS spec t ra  o f  t he  c o a l s  a re  ve ry  s i m i l a r  
and no s i g n i f i c a n t  v a r i a t i o n  i s  no ted  among spec t ra  o f  leached samples o f  t h e  same 
coa l .  The coa l  XANES spec t ra  d i f f e r  s i g n i f i c a n t l y  f rom spec t ra  o f  a l l  organo- 
c h l o r i n e  compounds and ino rgan ic  c h l o r i d e s  examined. However, spec t ra  of  hydra ted  
c h l o r i d e  spec ies ,  i n c l u d i n g  NaCl s o l u t i o n s  and CaC12.6H 0, and o f  o rgan ic  hydro-  
c h l o r i d e s ,  a re  q u i t e  s i m i l a r  t o  the  coal  spec t ra .  Analysqs o f  t h e  EXAFS r e g i o n  f o r  
t he  coa ls  suggests t h e  presence of a r e l a t i v e l y  l o n g  bond (-3.0 - 3.1A) t o  wate r  
molecules i n  t h e  neares t  ne ighbor  s h e l l  around t h e  c h l o r i n e .  These d a t a  and r e s u l t s  
a re  compat ib le  w i t h  hydra ted  c h l o r i d e  anions i n  t h e  mo is tu re  assoc ia ted  w i t h  c o a l s  
as t h e  major  fo rm-o f -occur rence o f  c h l o r i n e  i n  U.S. coa ls .  

INTRODUCTION 
Coals w i t h  app rec iab le  c h l o r i n e  con ten ts  (>0.3 w t % )  can be troublesome d u r i n g  

u t i l i z a t i o n  due t o  the  c o r r o s i v e  e f f e c t  o f  c h l o r i n e  on bo th  m e t a l l i c  and ceramic 
m a t e r i a l s .  I n  t h e  U.S., such problems r e l a t e d  t o  c h l o r i n e  con ten t  a re  r e l a t i v e l y  
uncommon except f o r  c e r t a i n  deep-mined coa ls  f rom t h e  I l l i n o i s  bas in  i n  which t h e  
c h l o r i n e  con ten ts  can be as h i g h  as 1 w t %  (1). A l though much o f  t h e  c h l o r i n e  i n  
I l l i n o i s  coa ls  can be removed by aqueous leach ing  t rea tmen ts  (2,3),  t h e  fo rm-o f -  
occurrence i n  these and o t h e r  U.S. coa ls  i s  s t i l l  n o t  known w i t h  any c e r t a i n t y .  
F l o a t - s i n k  t e s t s  f o r  "o rgan ic  a f f i n i t y "  as developed by Zubovic (4 )  do n o t  appear 
t o  have been a p p l i e d  t o  c h l o r i n e  i n  U . S .  coa ls .  Compos i t iona l  c o r r e l a t i o n s  have 
been used t o  suggest t h a t  c h l o r i n e  has bo th  i n o r g a n i c  (NaC1) and o rgan ic  forms i n  
I l l i n o i s  coa ls  (1,5).  Conversely,  t h e  l a c k  of t h e  a s s o c i a t i o n  o f  c h l o r i n e  w i t h  
o the r  elements i n  a mic roprobe s tudy  o f  Upper F reepor t  coa l  has been i n t e r p r e t e d  
as i n d i c a t i n g  o rgan ic  c h l o r i n e  forms (6 ) .  However, o t h e r  i n v e s t i g a t o r s ,  based 
l a r g e l y  on m ic roscop ic  examinat ions,  l i s t  o n l y  i n o r g a n i c  c h l o r i d e s ,  such as NaCl, 
KC1, MgCl 6H 0, e tc . ,  as t h e  pr imary  occurrences o f  c h l o r i n e  i n  coa l  (7 ,8 ) .  
Chakrabarf; ( a ) ,  work ing  p r i n c i p a l l y  w i t h  Gondwana coa ls ,  has desc r ibed  d e t a i l e d  
a n a l y t i c a l  procedures f o r  de te rm in ing  bo th  o rgan ic  and i n o r g a n i c  forms o f  c h l o r i n e  
i n  coa l .  B r i t i s h  researchers  work ing  w i t h  t h e i r  n a t i v e  h i g h  c h l o r i n e  coa ls  f o r  t h e  
most p a r t  have proposed t h a t  most, i f  n o t  a l l ,  o f  t h e  c h l o r i n e  i n  coa l  i s  i n o r g a n i c  
and d e r i v e d  f rom NaC1-r ich ground waters  p e n e t r a t i n g  t h e  coa l  seam ( 1 0 , l l ) .  Recent 
pyro lys is /mass  spec t roscop ic  work (12) on B r i t i s h  coa ls  has r a t h e r  c o n v i n c i n g l y  
conf i rmed t h i s  occurrence. 

X-ray abso rp t i on  f i n e - s t r u c t u r e  (XAFS) spectroscopy i s  perhaps t h e  bes t  method 
c u r r e n t l y  a v a i l a b l e  f o r  e l u c i d a t i n g  t h e  l o c a l  s t r u c t u r e  and bonding o f  a s p e c i f i c  
element i n  a complex, heterogeneous, n o n c r y s t a l l i n e  m a t r i x  such as coa l .  Not o n l y  
can t h e  element be i n v e s t i g a t e d  d i r e c t l y  i n  coa l  a t  q u i t e  d i l u t e  l e v e l s  (-100 ppm), 
but,  i n  p r i n c i p l e ,  i n f o r m a t i o n  about the  immediate c o o r d i n a t i n g  1 igands can a l s o  
be d e r i v e d  f rom an a n a l y s i s  o f  t he  XAFS spectrum. I n  t h i s  work, XAFS spec t roscopy  
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was used to examine the occurrence of chlorine in a number of U.S. coals. From 
these measurements it can be concluded that much, if not all, of the chlorine in 
these coals is present as chloride anions in the moisture associated with the pores 
and microcracks of the coal matrix. 

EXPERIMENTAL 
Samples: Pulverized samples of as-collected Illinois basin coals and the same 

coals subjected to an aqueous leaching treatment were provided by Professor H. L. 
Chen, Southern Illinois University. These samples were originally collected by the 
Illinois State Geological Survey. Other coal samples used in this study were 
selected from the Pennsylvania State University coal bank on the basis of their high 
chlorine contents. Chlorine contents and apparent rank data for the coals are 
listed in Table I. A large number o f  standard organochlorine compounds and 
inorganic chlorides were also assembled for XAFS spectral measurements, including: 

Aryl chlorides: 1,2,4,5-tetrachlorobenzene, 9,10-dichloroanthracene, 
2,6-dichl orophenol ; 

Acyl chlorides: diphenylacetyl chloride, 2-naphthoyl chloride; 

Alkyl chlorides: polyvinylchloride, 1,2-bi s(chloromethyl)benzene, 
1,4-bis(chloromethyl)benzene; 

Org. hydrochlorides: semicarbazide hydrochloride, tetracycline hydrochloride; 

Gases and vapors: 

Alkali chlorides: NaCl, KC1, RbCl, CsCl, saturated NaCl solution; 

Alk. earth chlorides: 

Misc. C l  compounds: 

Cl,, CCl,, C,H,C12; 

CaCl,, SrCl,, CaC1,.2H20, CaC1,.6H20; 

KClO,, H2PtC1,.6H,O, Hg,Cl,, HgCl,, CuCl,, CuOCl. 

XAFS Experiments: XAFS experiments were performed at the Stanford Synchrotron 
Radiation Laboratory (SSRL) under dedicated running conditions. Electron energies 
were held at 3.0 Gev while the beam current decayed from 80 to 40 mA between beam 
fills, which were typically eight hours or more apart. A pure helium path to the 
sample was employed to minimize attenuation o f  the X-ray intensity at the low 
energies in the vicinity of the chlorine K absorption edge (2820-2835 eV). XAFS 
spectra were recorded in fluorescent geometry in a Stern-Heald type detector (13) 
for all coals and standards from approximately 100 eV below the edge to about 400 
eV above the edge using a rotating double crystal Si(ll1) monochromator. At the 
high-energy end of the scan, the K absorption edge for argon (from air contamination 
in the beam path) was encountered at 3205 eV. This edge served effectively as an 
internal energy calibration point. The X-ray near-edge structure (XANES) data and 
spectra shown in the paper are given relative to the zero point defined as the 
maximum in the differential of the XAFS spectrum of sodium chloride, which occurs 
at 2826 e V .  It was found that the variation in position o f  the argon edge relative 
to the NaCl zero point was less than 0.1 ev for the different spectra measured. 
Spectra were obtained from the coal samples and from solid standards as pressed 
pellets in pressed boric acid (HBO,) supports; liquid samples were contained in 
mylar bags or on filter papers; gaseous and vaporous species were introduced to the 
sample chamber at dilute (tl%) levels in helium (14). Analysis of the spectral data 
was performed on a MicroVAX I1  computer using conventional methods (15,16) for the 
XANES and extended fine-structure (EXAFS) regions of the spectra. 
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TABLE I: COALS EXAMINED BY CHLORINE XAFS 

Coal Seam & S t a t e  Rank W t %  Ch lo r ine  Source - 
#6 seam, I l l i n o i s '  hvAb 0.82 C-20154 (ISGS) 

#6 Seam, I l l i n o i s '  hvAb 0.42 C-8601 (ISGS) 
- -  a f t e r  1 s t .  l each ing  0.24 
- -  a f t e r  2nd. l each ing  0.12 

#6 Seam, I l l i n o i s '  hvAb 0.42 C-22175 (ISGS) 
- -  a f t e r  1 s t .  l each ing  0.18 
- -  a f t e r  2nd. l each ing  0.13 

P i t t sbu rgh ,  PA hvAb 0.22 USS M in ing  

E lkhorn  #3, KY hvAb 0.33 PSOC - 1475 

M ine ra l  seam, KS hvAb 0.27 PSOC - 251 

M ine ra l  seam, OK hvAb 0.24 PSOC - 768 

Wi ldca t  sbb, TX sbbC 0.06 PSOC - 639 

Beulah l i g n i t e ,  NO l i g  0.04 PSOC - 1483 

*supp l i ed  by P r o f .  H. L .  Chen, Southern I l l i n o i s  U n i v e r s i t y  

RESULTS 
XANES Spect ra :  F igu re  1 shows the  XANES spec t ra  o f  an I l l i n o i s  #6 coa l  t h a t  

con ta ins  0.42 w t %  c h l o r i n e  and two samples ob ta ined  from the  coa l  a f t e r  aqueous 
leach ing  t rea tments  (2,3) t h a t  f i r s t  reduced t h e  c h l o r i n e  con ten t  t o  0.24 w t %  and 
then t o  0.12 wt%.  It i s  obv ious  from t h i s  sequence t h a t  t h e  c h l o r i n e  K-edge 
abso rp t i on  spectrum i s  n o t  s i g n i f i c a n t l y  changed by t h e  l each ing  t rea tmen ts  and 
t h e r e f o r e  i t  can be concluded t h a t  c h l o r i n e  has o n l y  one s i g n i f i c a n t  fo rm-o f -  
occurrence i n  t h i s  coa l .  Furthermore, t h e  reason t h a t  c h l o r i n e  becomes p rog ress i ve -  
l y  more d i f f i c u l t  t o  remove f rom the  coa l  i s  n o t  because o f  t h e  response of 
d i f f e r e n t  forms o f  c h l o r i n e  t o  t h e  l each ing  t rea tmen t  b u t  because t h e  one fo rm-o f -  
occurrence o f  c h l o r i n e  becomes less access ib le  o r  more s t r o n g l y  bound t o  t h e  coa l  
as i t s  abundance decreases. 

Very s i m i l a r  XANES spec t ra  t o  those i n  F igu re  1 a re  e x h i b i t e d  by a l l  t h e  coa ls  
l i s t e d  i n  Tab le  I w i t h  two except ions :  t h e  I l l i n o i s  coa l  w i t h  t h e  h i g h e s t  c h l o r i n e  
con ten t  (0.84 wt%) and t h e  Beulah l i g n i t e  w i t h  the  l owes t  c h l o r i n e  con ten t  (0.04 
wt%).  F igu re  2 documents t h e  s i m i l a r i t y  o f  t h e  c h l o r i n e  K edge XANES spec t ra  o f  
t h r e e  coa ls  f rom d i f f e r e n t  coa l  bas ins .  F igu re  3 shows the  XANES spectrum of 
c h l o r i n e  i n  t h e  two I l l i n o i s  coa l  w i t h  h i g h e s t  c h l o r i n e  con ten ts .  The d i f f e r e n c e s  
between these s p e c t r a  can be exp la ined  r e a d i l y  by  t h e  presence o f  a minor  component 
(<25%) o f  c r y s t a l l i n e  NaCl i n  t h e  I l l i n o i s  #6 coa l  w i t h  0.84 w t %  c h l o r i n e .  The 
e x t r a  peaks i n  t h e  spec t ra  o f  t h i s  coa l  match e x a c t l y  w i th  prominent peaks i n  t h e  
spectrum of NaCl, which i s  also shown i n  F igu re  3.  The XANES spectrum o f  t h e  Beulah 
l i g n i t e ,  a l though very  weak, d i f f e r s  s i g n i f i c a n t l y  f rom those o f  t h e  o t h e r  coa ls  
and t h e  p o s i t i o n  o f  i t s  main peaks are  w e l l  o u t s i d e  t h e  ranges f o r  t h e  two peaks 
present  i n  t h e  spec t ra  o f  t h e  c o a l s  o f  h i g h e r  rank .  Based on XANES peak p o s i t i o n  
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TABLE 11: CHLORINE XANES DATA SYSTEMATICS' 

Compound Zero P o i n t  (ev) 1 s t .  Peak (ev)  2nd. Peak (ev) 

Mercury c h l o r i d e s  -3.62 - -3.60 -3.0 - -2.6 13.4 - 13.6 
A1 ky' c h l o r i d e s  -3.35 - -2.80 -2 .5  - -1.2 11.0 - 20.8 
Acyl  c h l o r i d e s  -2.60 - -2.50 -1 .3  - -1.0 15.3 - 20.9 
Aryl c h l o r i d e s  -2.40 - -2.00 -0.8 - -0.4 16.1 - 19.2 

Beulah l i g n i t e  
A l l  o t h e r  c o a l s  

Sat.  NaCl s o l u t i o n  
Organohydroch lo r ides  
A1 k a l  i c h l o r i d e s  
Hydrated Ca c h l o r i d e s  
A1 k.  e a r t h  c h l o r i d e s  
Copper c h l o r i d e s  
Chl o r o p l  a t i n i  c a c i d  
Potassium c h l o r a t e  

-1.80 -0.7 18.5 
-1.75 - -1.20 0.9 - 1.3 19.0 - 21.2 

-1.55 0.2, 3 .1  20.9 
-1.10 - -1 .00  1.1 - 2.1 19.2 - 20.7 
-0.90 - 0.00 0.4 - 2.2 16.9 - 20.6 

-0.60 - -0.45 1.7 - 2.1 19.0 - 19.6 
-0.60 - -0.30 1.4 - 3.0 19.8 - 27:3 

-0.75 - -0.60 2.3 - 2.5 21.6 

-0.20 4.2 18.7 
4.20 5.8 18.5 

Fnerg ies  o f  ze ro  p o i n t  and peaks r e l a t i v e  t o  zero  p o i n t  f o r  NaC1. 
F o r  most s tandard  c h l o r i n e  compounds, da ta  a r e  g i v e n  o n l y  f o r  t h e  
two peaks t h a t  most c l o s e l y  match t h e  peaks i n  t h e  coa l  spec t ra .  

sys temat ics  (Tab le  I I ) ,  t he  XANES spectrum f rom c h l o r i n e  i n  t h e  l i g n i t e  i s  most 
s i m i l a r  t o  t h a t  f rom c h l o r i n e  bound t o  a romat ic  r i n g s .  However, g i v e n  t h e  low 
abundance o f  c h l o r i n e  i n  t h i s  c o a l  and the poor  q u a l i t y  spectrum, i t  i s  perhaps 
premature t o  conc lude t h a t  t h i s  coa l  has a s i g n i f i c a n t l y  d i f f e r e n t  f o rm-o f -  
occurrence f o r  c h l o r i n e .  

With t h e  p o s s i b l e  excep t ion  o f  t he  l i g n i t e ,  t h e  d a t a  i n  Tab le  I1  and the  
general  appearance o f  t h e  XANES spec t ra  f rom c h l o r i n e  i n  t h e  coa ls ,  compared t o  
those o f  t h e  numerous s tandard  c h l o r i n e  compounds examined, i n d i c a t e  t h a t  t he  form- 
o f -occur rence o f  c h l o r i n e  i s  c l e a r l y  n e i t h e r  an o rganoch lo r ine  compound n o r  one o f  
t h e  t r a d i t i o n a l  c r y s t a l l i n e  i n o r g a n i c  c h l o r i d e s .  The substances t h a t  most c l o s e l y  
resemble t h e  XANES s p e c t r a l  da ta  f rom c h l o r i n e  i n  coa l  a re  ( i )  CaC1,.6H 0, ( i i )  
sa tu ra ted  NaCl s o l u t i o n ,  and ( i i i )  o rganohydroch lo r ides .  A comparison o f  t i e  XANES 
spec t ra  o f  t hese  substances t o  t h a t  o f  t he  I l l i n o i s  #6 coa l  i s  shown i n  F igu re  4. 
The XANES spec t ra  o f  a l l  t h r e e  substances e x h i b i t  an o v e r a l l  genera l  s i m i l a r i t y  t o  
t h e  coal spec t ra ,  b u t  m ino r  d i f - f e r e n c e s  a re  apparent upon c l o s e  i n s p e c t i o n  so t h a t  
i t  can n o t  be conc luded t h a t  one o r  o the r  o f  these substances i s  t h e  p r e f e r r e d  
match. However, a l l  t h r e e  substances do have some s t r u c t u r a l  and bond ing  fea tu res  
i n  common t h a t  are,  no doubt,  r e f l e c t e d  i n  s i m i l a r  XANES spec t ra :  ( i )  c h l o r i n e  i s  
p resent  i n  these  substances as c h l o r i d e  anions, ( i i )  t h e  bond ing  i s  r e l a t i v e l y  weak 
and l a r g e l y  i o n i c  i n  cha rac te r ,  and ( i i i )  t h e  ch lo r i ne -oxygen  o r  c h l o r i n e - n i t r o g e n  
d i s tances  a re  q u i t e  l ong :  between 3.0 and 3.2A (17,18).  The c h l o r i n e  i n  coa ls  can 
be expected t o  be s i m i l a r .  

EXAFS SDectra: As i s  u s u a l l y  done (15,16), t h e  EXAFS r e g i o n s  o f  t h e  spec t ra  
were t r e a t e d  ma themat i ca l l y  f i r s t  t o  i s o l a t e  t h e  EXAFS p e r i o d i c  s t r u c t u r e  f rom the  
abso rp t i on  s tep .  Then, by c o n v e r t i n g  t h i s  o s c i l l a t o r y  s t r u c t u r e  t o  a wave v e c t o r  
r e p r e s e n t a t i o n  and p e r f o r m i n g  a F o u r i e r  t rans form,  a r a d i a l  s t r u c t u r e  f u n c t i o n  (RSF) 

554 



i s  ob ta ined t h a t  rep resen ts  t h e  d i s t r i b u t i o n  o f  s h e l l s  o f  atoms o r  i ons  around t h e  
c h l o r i n e  atom o r  i o n .  S a t i s f a c t o r y  r a d i a l  s t r u c t u r e  f u n c t i o n s  were ob ta ined f o r  
most o f  t he  s tandard  compounds and f o r  some o f  t h e  c o a l s  w i t h  the  h i g h e r  c h l o r i n e  
conten ts .  RSFs f o r  t h e  a r y l  compounds were n o t i c e a b l y  more complex than  those f o r  
t he  acy l  and a l k y l  o rganoch lo r ine  compounds. Th is  o b s e r v a t i o n  r e f l e c t s  t h e  r i g i d  
s t r u c t u r a l  r e l a t i o n s h i p  o f  t h e  c h l o r i n e  t o  t h e  s i x  carbons o f  t h e  benzene r i n g  
present  i n  t h e  a r y l  compounds b u t  which i s  l a c k i n g  when c h l o r i n e  i s  i n  a p e r i p h e r a l  
-COC1 o r  -CH,Cl g roup t h a t  has some r o t a t i o n a l  freedom. The RSFs f o r  compounds w i t h  
these l a t t e r  groups resemble those ob ta ined from t h e  s imp le  molecu les ,  CCl,, C,H,Cl,, 
e t c .  

Radial  s t r u c t u r e  f u n c t i o n s  f o r  c h l o r i n e  i n  t h e  i n o r g a n i c  compounds were 
genera l l y  complex and l a c k i n g  i n  any s t rong  c o r r e l a t i v e  t rends .  Given t h e  v a r i e t y  
o f  s t r u c t u r e s  and t h e  range i n  degree o f  covalency e x h i b i t e d  by these compounds, 
t h i s  should n o t  be s u r p r i s i n g .  CaC1,.6H20 has a s t r u c t u r e  ( 1 7 )  i n  which t h e  Ca and 
C1 ions  a re  n o t  nea res t  ne ighbors  bu t  a re  separa ted  by  water  mo lecu les .  Hence, t h i s  
compound can a c t  as a model compound f o r  c h l o r i d e  an ions  surrounded by water  
molecules. The RSF f o r  t h i s  compound i s  shown i n  F igu re  5a; it i s  dominated by one 
major peak rep resen t ing  t h e  c o o r d i n a t i o n  s h e l l  o f  s i x  water  mo lecu les  a t  a d i s tance  
o f  3 . 1  - 3 .2A f r om t h e  c e n t r a l  c h l o r i d e  anion. Bond- lengths were e x t r a c t e d  from 
the  b e t t e r  RSFs o f  c h l o r i n e  i n  coa ls  (e.g. F igu re  5b) us ing  t h e  p h a s e - s h i f t  da ta  
ob ta ined e m p i r i c a l l y  f rom CaC1,.6H20 f o r  t h e  water mo lecu le  s h e l l  a t  -3.15A. An 
e x c e l l e n t  c o r r e l a t i o n  o f  t h e  phase s h i f t s  was found a t  a C1-H 0 d i s t a n c e  o f  3.03A 
f o r  t h e  coa ls .  The p h a s e - s h i f t  da ta  c o r r e l a t e d  cons ide rab fy  b e t t e r  than t h a t  
between CaC1,.6H20 and t h e  sa tu ra ted  NaCl s o l u t i o n ,  which i m p l i e s ,  perhaps, t h a t  t he  
c h l o r i n e  anions i n  the  sa tu ra ted  NaCl s o l u t i o n  have s i g n i f i c a n t  c o n t r i b u t i o n  f rom 
sodium ions  i n  t h e  neares t  ne ighbor  s h e l l .  The RSFs f o r  t h e  o rgan ic  hyd roch lo r i de  
compounds c o n s i s t  o f  one major  peak a t  s i m i l a r  d i s tances  ( 3 . 1  - 3.3A) a r i s i n g  f rom 
n i t rogen  atoms i n  bas i c  amine groups t o  which t h e  c h l o r i d e  an ions  a re  bound ( 1 8 ) .  
However, c o r r e l a t i o n  o f  t h e  C1-N p h a s e - s h i f t  da ta  w i t h  t h e  coa l  da ta  was n o t  as good 
a s  t h a t  found between CaCl .6H 0 and c h l o r i n e  i n  coa l .  A l though such d i s t i n c t i o n s  
are  n o t  n e c e s s a r i l y  de f in f t i v ; ,  t he  a n a l y s i s  o f  t h e  EXAFS r e g i o n  does appear t o  
favo r  water mo lecu les  as  t h e  most l i k e l y  environment around c h l o r i n e  i n  t h e  coa ls  
examined. 

CONCLUSIONS 
Ana lys is  o f  c h l o r i n e  K-edge XAFS da ta  f o r  a number o f  U.S. coa ls  has shown 

t h a t  i n  the  m a j o r i t y  o f  t h e  coa ls  c h l o r i n e  i s  p resen t  i n  a s i n g l e  fo rm as c h l o r i d e  
anions i n  t h e  mo is tu re  assoc ia ted  w i t h  t h e  mic rocracks  and pores  o f  t he  coa l .  I n  
the  coa l  w i t h  t h e  h i g h e s t  c h l o r i n e  con ten t ,  a second fo rm-o f -occur rence was a l so  
i d e n t i f i e d ,  namely c r y s t a l l i n e  NaCl, which presumably had p r e c i p i t a t e d  f rom the  
c h l o r i d e - r i c h  s o l u t i o n  as t h e  coa l  d r i e d .  The o n l y  o t h e r  excep t ion  was a low- 
c h l o r i n e  l i g n i t e ,  i n  which c h l o r i n e  appeared t o  be p resen t  i n  o rgan ic  form. 
However, g i ven  t h e  v e r y  l ow  c h l o r i n e  c o n c e n t r a t i o n  (0.04 wt%) and t h e  r e l a t e d  poor 
spec t ra l  q u a l i t y ,  i t  i s  premature t o  a t t a c h  much s i g n i f i c a n c e  t o  t h i s  obse rva t i on  
a t  t h i s  t ime.  

With c h l o r i d e  an ions  i n  mo is tu re  as  t h e  predominant fo rm-o f -occur rence of 
c h l o r i n e  i n  U.S. coa ls ,  i t  i s  r e l a t i v e l y  easy t o  r a t i o n a l i z e  some o f  t h e  apparen t l y  
c o n t r a d i c t o r y  conc lus ions  made i n  p rev ious  i n v e s t i g a t i o n s  r e g a r d i n g  whether c h l o r i n e  
i s  i n o r g a n i c a l l y  o r  o r g a n i c a l l y  bound i n  c o a l .  As a r e s u l t  o f  t h e  a s s o c i a t i o n  of 
c h l o r i n e  w i t h  coa l  mo is tu re ,  c h l o r i n e  w i l l  have p r o p e r t i e s  s i m i l a r  t o  a d ispersed 
o r g a n i c a l l y  bound element.  For example, i n  mic roprobe o r  SEM X - ray  mapping t e c h n i -  
ques, c h l o r i n e  w i l l  be found t o  be d i s t r i b u t e d  w i d e l y  i n  l ow  concen t ra t i ons  i n  
macerals and n o t  s t r o n g l y  c o r r e l a t e d  w i t h  o t h e r  elements, and i n  f l o a t - s i n k  t e s t s  
o f  "o rgan ic "  a f f i n i t y ,  c h l o r i n e  w i l l  f a v o r  t h e  m a c e r a l - r i c h  f l o a t  f r a c t i o n s .  
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Conversely,  obse rva t i ons  o f  s p e c i f i c  i n o r g a n i c  c h l o r i d e s  i n  coa ls  can be exp la ined 
as p r e c i p i t a t e s  t h a t  c r y s t a l l i z e  as the  coal  mo is tu re  evaporates.  

With the  fo rm-o f -occur rence o f  c h l o r i n e  now e s t a b l i s h e d  f o r  U.S. coa ls ,  i t  
would appear t h a t  i t  shou ld  be p o s s i b l e  t o  remove v i r t u a l l y  a l l  o f  t h e  c h l o r i n e  f rom 
troublesome coa ls  by t h e  combina t ion  o f  f i n e  g r i n d i n g  and aqueous leach ing  
t rea tments .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  a s i m i l a r  t rea tmen t  was used by B r i t i s h  
researchers  t o  remove t h e  supposed "organ ic "  c h l o r i n e  f r a c t i o n  f rom an I l l i n o i s  #6 
coa l  t h a t  was l e f t  a f t e r  e a r l i e r  l e a c h i n g  t rea tmen ts  (12) .  A l t e r n a t i v e l y ,  t h e  f a c t  
t h a t  t he  c h l o r i n e  i s  now known t o  be assoc ia ted  w i t h  t h e  mo is tu re  i n  coa l  may l e a d  
t o  new methods f o r  c h l o r i n e  removal .  
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Figure 1 .  Chlorine K-edge XANES spectra 
o f  Illinois #6 coal and two samples o f  
same coal after leaching treatments. 
Note the similarity of the spectra. 
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Figure 3. Chlorine K-edge XANES spectra 
of two high-chlorine Illinois #6 coals 
and of NaCl. 
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Figure 2. Chlorine K-edge XANES spectra 
o f  three coals from different states 
and geological provenances. Note the 
similarity of the spectra. 
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Figure 4 .  Chlorine K-edge XANES spectra 
of Illinois #6 coal and various stan- 
dard Cl compounds with similar spectra. 
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f i g u r e  5 ( a ) .  Phase-shi f t  corrected 
r a d i a l  s t r u c t u r e  f u n c t i o n  for  the  com- 
pound, CaClZ.6HZ0. 
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F igu re  5 ( b ) .  Phase-shi f t  corrected 
r a d i a l  s t r u c t u r e  f u n c t i o n  f o r  ch lo r i ne  
i n  an I l l i n o i s  #6 coa l .  
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